Integrin-mediated signalling has been implicated in asbestos-induced carcinogenesis. In studies here, we examined signal transduction events associated with integrin-directed cell reactions triggered by crocidolite asbestos in the pleural mesothelial cell line 4/4 RM-4. Crocidolite fibres induced a significant time-and dosedependent activation of the extracellular-signal-regulated kinases ERK1 and ERK2. ERK activation was specifically inhibited by integrin-blocking agents, that are integrinbinding peptides containing the sequence arginine-glycineaspartic acid (RGD), and monoclonal antibodies against the integrin 1-chain. Integrin-dependent activation of ERK1/2 in response to asbestos appeared to be independent of focal adhesion kinase pp125 FAK (FAK) since FAK autophosphorylation remained unaffected in crocidoliteexposed mesothelial cells. Instead, we observed striking similarities in the kinetics of asbestos-induced ERK1/2 responses and phosphorylation of protein kinase B (AKT) at serine 473, a possible target residue for integrin-linked kinase. As with ERK activation, asbestos-induced AKT stimulation was significantly blocked by both the RGDpeptide and the 1-integrin antibodies. These studies are the first to establish that in mesothelial cells ERK1/2 and AKT are simultaneously phosphorylated upon asbestos exposure in a 1-integrin-dependent manner.
Integrin-mediated signalling has been implicated in asbestos-induced carcinogenesis. In studies here, we examined signal transduction events associated with integrin-directed cell reactions triggered by crocidolite asbestos in the pleural mesothelial cell line 4/4 RM-4. Crocidolite fibres induced a significant time-and dosedependent activation of the extracellular-signal-regulated kinases ERK1 and ERK2. ERK activation was specifically inhibited by integrin-blocking agents, that are integrinbinding peptides containing the sequence arginine-glycineaspartic acid (RGD), and monoclonal antibodies against the integrin 1-chain. Integrin-dependent activation of ERK1/2 in response to asbestos appeared to be independent of focal adhesion kinase pp125 FAK (FAK) since FAK autophosphorylation remained unaffected in crocidoliteexposed mesothelial cells. Instead, we observed striking similarities in the kinetics of asbestos-induced ERK1/2 responses and phosphorylation of protein kinase B (AKT) at serine 473, a possible target residue for integrin-linked kinase. As with ERK activation, asbestos-induced AKT stimulation was significantly blocked by both the RGDpeptide and the 1-integrin antibodies. These studies are the first to establish that in mesothelial cells ERK1/2 and AKT are simultaneously phosphorylated upon asbestos exposure in a 1-integrin-dependent manner. Oncogene (2003 Oncogene ( ) 22, 8524-8528. doi:10.1038 Keywords: asbestos; integrin; mesothelioma; ERK1/2; AKT; FAK Fibrous dusts and isomorphic particles have been implicated in the pathogenesis of malignant and nonmalignant lung and pleura diseases but their mechanism of action is not fully understood. Oxidative stress induced by inflammatory responses or by the particle itself may play a significant role, but structural features like size dimensions and fibre shape are also crucial in disease development (Mossman and Churg, 1998) . Pleural malignancies, that is, malignant mesothelioma is almost exclusively caused by asbestos fibres when inhaled fibres penetrate the lung tissue and accumulate in the pleural space (Mossman et al., 1990) . Genotoxic mechanisms as well as nongenotoxic processes of tumour promotion have been considered to be involved in fibre-induced mesothelioma carcinogenesis (Unfried et al., 2000) . Effects of tumour promotion involve fibre-cell interactions and the induction of signal transduction cascades.
Investigations in asbestos-treated pleural mesothelial cells elucidated early cell signalling events and alterations in target cells of disease. These cellular responses involve mitogen-activated protein kinases (MAPKs), transcriptional induction of the proto-oncogenes c-jun and c-fos and increased DNA-binding activity of the AP-1 transcription factor resulting in cell proliferation and apoptosis . However, the initial events in fibre-cell interactions leading to the induction of signal transduction cascades are still poorly understood.
Receptors on the cell surface represent suitable targets to initiate asbestos-dependent signalling events. The epidermal growth factor receptor (EGF-R) was reported to be phosphorylated in response to crocidolite asbestos treatment of rat pleural mesothelial (RPM) cells (Zanella et al., 1996 (Zanella et al., , 1999 . Thus, EGF-R may be a site at which asbestos fibres initiate the MAPK signalling cascade effecting apoptosis and/or cell proliferation. On the other hand, there are convincing data that fibres may also affect integrin-linked signal transduction and proteins of the extracellular matrix (ECM). The analysis of mRNA expression patterns at different stages of asbestos-induced mesothelioma carcinogenesis in rats revealed the upregulation of genes encoding intracellular proteins associated with integrin signalling, that are the integrin-linked kinase (ILK) and zyxin (Sandhu et al., 2000a) . Moreover, the induction of the extracellular integrin-binding protein osteopontin in response to asbestos implied an involvement of ECM proteins in fibre action. A related study on the contribution of integrin receptors in asbestos-mediated apoptosis in mesothelial cells in vitro further suggested integrin-dependent signal transduction since the number of apoptotic cells induced by crocidolite fibres could be significantly reduced by integrin-blocking agents (Sandhu et al., 2000b) . The aim of our present work was now to identify potential signal-transducing components associated with integrin-mediated cell reactions to crocidolite asbestos.
As the extracellular-signal-regulated kinases 1 and 2 (ERK1/2) have been implicated in asbestos fibre effects in RPM cells (Zanella et al., 1996; Jimenez et al., 1997) , we first investigated whether these cytosolic MAPKs were activated upon crocidolite exposure in the RPM cell line 4/4 RM-4. It has been suggested that this nontumorous cell line serves as a reliable model for studying mesothelial cells in situ (Aronson and Cristofalo, 1981) . Likewise, we demonstrated earlier that 4/4 RM-4 and RPM cells displayed similar mRNA expression patterns and apoptotic reactions upon fibre exposure (Sandhu et al., 2000a, b) .
ERK1/2 activation is associated with the phosphorylation of both threonyl and tyrosyl residues within the proteins (Cobb and Goldsmith, 1995) . Thus, we assessed the activation of the ERKs by Western-blot analyses with antibodies that specifically recognize both ERKs when dually phosphorylated at the respective threonine and tyrosine residues. Crocidolite asbestos triggered a time-and dose-dependent activation of ERK1 and ERK2 ( Figure 1 ). The time course of ERK1/2 activation revealed a significant phosphorylation (Po0.05) up to threefold above sham controls after 48 h ( Figure 1a ). Likewise, Jimenez et al. (1997) determined a more than twofold increased ERK2 activity after 48 h in crocidolite-treated RPM cells. The observed activation of ERK1/2 corresponds with the induction of the protooncogenes c-myc and fra-1 by asbestos fibres at this time point (Sandhu et al., 2000a) . Despite ERK activation, the total protein expression of ERK1/2 as observed by Western-blot analysis (Figure 1b) , as well as the release of lactate dehydrogenase (LDH) as marker for cytotoxicity (data not shown), displayed no significant difference in asbestos-treated cells and sham controls at any time point. At 48 h, asbestos caused a remarkable dose-dependent activation of ERK1/2 with a strong increase upon switching from a dosage of 5-10 mg/cm 2 ( Figure 1c) . Next, we investigated whether asbestosinduced ERK1/2 activation in mesothelial cells is mediated by integrins. If so, the ERK phosphorylation should be inhibited by integrin-blocking substances. The tripeptide arginine-glycine-aspartic acid (RGD) represents the recognition site in ECM proteins, for example, fibronectin, vitronectin or osteopontin, for their heterodimeric integrin receptors (Ruoslahti and Pierschbacher, 1987) . Soluble RGD-containing peptides can compete for integrin-ECM protein interactions by binding and consequently blocking the particular integrin (Pierschbacher and Ruoslahti, 1984) . Treatment of mesothelial cells with a RGD-containing peptide (RGDS) prior to asbestos exposure led to significantly reduced phosphorylation of ERK1/2 (Po0.05) while a control peptide (GRADSP) had virtually no effect on crocidoliteinduced ERK activation (Figure 1d ). To further characterize the involved RGD-directed integrin, we pretreated the cells with monoclonal antibodies against 1-integrin since the 1-chain was previously reported to be involved in asbestos-induced apoptosis (Sandhu et al., 2000b) . As shown in Figure 1d , the 1-integrin-specific antibody (anti-CD29) significantly inhibited the activation of ERK1/2 in response to crocidolite asbestos (Po0.05). Hence, we conclude that asbestos-induced ERK1/2 activation is mediated by 1-containing integrin receptors.
There is substantial evidence that integrins are involved in MAP kinase signalling (Aplin et al., 1998) . ERKs become activated in response to integrin- Figure 1 Asbestos-induced activation of ERK1/2 in 4/4 RM-4 cells as shown by representative Western blots and densitometric immunosignal quantification: Cells from passages 36-44 were grown to near confluency as described (Aronson and Cristofalo, 1981) , and then shifted to low-serum conditions (0.5% fetal bovine serum) 24 h before treatment. Crocidolite from South Africa with a 59% fibre fraction of 45 mm (length : diameter ratio 45 : 1; fibre size distribution described by Roller et al., 1996) was suspended in phosphate-buffered saline (PBS) by sonification and added to cells. After exposure to fibre suspensions, cells were washed twice with ice-cold PBS and lysed in modified RIPA buffer (25 mM Tris (pH 7.4), 150 mM NaCl, 0.1 mM EDTA, 1% Nonidet P-40, 0.1% SDS, 1% desoxycholate, 0.025% NaN 3 , 1% protease inhibitor cocktail (Sigma), 1% phosphatase inhibitor cocktail 2 (Sigma)). An amount of 5 mg of total cell lysate was separated by SDS-PAGE (10%) and transferred onto PVDF membrane (Hybond-P, AP Biotech) by standard procedures. Activation Integrin mediated effects of asbestos A Berken et al mediated adhesion, cytoskeleton organization, and changes in cell shape, respectively, and can localize to the sites of integrin clustering. In this scenario, the cytoplasmic focal adhesion kinase pp125 FAK (FAK), which resides at adhesion sites, plays a central role. Upon engagement of integrins, FAK gets autophosphorylated on tyrosyl residue 397 (Y 397 ) thereby initiating multiple pathways that lead to an activation of ERKs (Danen and Yamada, 2001 ). Moreover, FAK can directly bind to the cytoplasmic domain of 1-integrin thus promoting autophosphorylation (Lafreine and Yamada, 1996) . To shed light on possible upstream events in 1-integrin-mediated ERK1/2 activation by asbestos, we asked whether FAK may be autophosphorylated upon crocidolite exposure. However, over a period of 48 h, no significant difference in neither FAK expression nor phosphorylation of FAK at Y 397 was observed in crocidolite-exposed 4/4 RM-4 cells compared to sham controls (Figure 2 ). These data suggest that the integrin-dependent activation of ERK1/2 in response to asbestos may be independent of FAK.
With respect to integrin-mediated signalling events in cell adhesion it has been previously reported that FAK is not always required for the direct integrin induction of ERKs (Wary et al., 1996; Sieg et al., 1998) . Lin et al. (1997) proposed the existence of at least two distinct pathways for MAPK and FAK activation in fibroblasts, but the components of these cascades remained unclear. , 48 h) was tested after preincubation with integrin-blocking agents (0.1 mM RGDS-or control-peptide [GRADSP], or 0.5 mg/ml Anti-CD29 antibody). Stars indicate significant inhibition vs crocidolite-exposed controls (Po0.05) Danen and Yamada (2001) recently reviewed that integrin-mediated signalling without the engagement of FAK may involve protein kinase B (AKT), perhaps via ILK. AKT plays a key role in cell survival and cell-cycle progression by activating the anti-apoptotic machinery, glucose metabolism and protein synthesis resulting in cell growth and proliferation (Coffer et al., 1998) . It was previously shown that integrin-dependent AKT activation during cell adhesion and spreading events is accompanied by an activation of ERK1/2 (King et al., 1997; Levy et al., 2003) . We asked whether there might be a similar correlation between the integrin-mediated ERK1/2 activation upon asbestos exposure and AKT stimulation in 4/4 RM-4 cells. In fact, we found striking similarities in the kinetics of crocidolite-induced AKT phosphorylation and the time course of ERK1/2 responses (Figure 3) . Phosphorylation of AKT at serine residue 473 (Ser 473 ) was significantly increased up to threefold over sham controls (Po0.05) after 48 h (Figure 3a) . Nonetheless, total AKT protein levels remained nearly unaffected in both treated and control cells (Figure 3b ). Most interestingly, the asbestosinduced AKT stimulation could be significantly blocked by both the RGD-peptide and Anti-CD29 antibodies (Po0.05), while GRADSP-control peptides displayed no inhibitory effects (Figure 3c ). Thus, crocidolitetriggered AKT phosphorylation, like the ERK1/2 activation, appears to require 1-integrin. As it has recently been ascertained that ERK activation can be induced not only by different asbestos types but also by non-asbestos fibres and nonfibrous particles (Zanella et al., 1996; Ye et al., 2001; Albrecht et al., 2002) , it will be of particular toxicological interest to establish in future studies whether the integrin-mediated effects on ERK and AKT phosphorylation are specific to crocidolite asbestos.
Our finding that crocidolite-induced phosphorylation of AKT at Ser 473 is mediated by the integrin 1-chain implies that ILK could be a link between the integrin receptor and AKT activation. It has been proposed that Ser 473 in AKT can be directly phosphorylated by ILK, resulting in its activation and the eventual control of cell proliferation (Persad et al., 2001) . Moreover, a role for ILK in cellular responses caused by asbestos has been proposed as ILK induction was observed in tumorous and pretumorous mesothelial tissues from crocidolitetreated animals (Sandhu et al., 2000a) . However, the direct involvement of ILK in asbestos-induced signalling remains to be established.
The results of this study demonstrate for the first time that in mesothelial cells ERK1/2 and AKT are simultaneously phosphorylated upon asbestos exposure in a 1-integrin-dependent manner. Thus, it is tempting to speculate that asbestos may initiate a signalling cascade at 1-containing integrin receptors which leads, possibly via ILK, to AKT and subsequent ERK1/2 activation. As mentioned above, coordinated ERK and AKT stimulation has already been described for other integrin-dependent signalling events, that is, in cell adhesion. Although phosphoinositide-3 kinase (PI3K) seems to be a key player in this process as it positively regulates both the activation of AKT and the ERKs (King et al., 1997) , a direct connection between AKT and ERK stimulation cannot be ruled out yet. On the other hand, ERK and AKT phosphorylation in response to crocidolite exposure may represent parallel signalling events that both evolve from 1-integrin receptor stimulation. Zanella et al. (1996 Zanella et al. ( , 1999 proposed that asbestos effects, that are the activation of the MAPK signalling cascade, as well as the increased expression of the proto-oncogene c-fos, and the development of apoptosis, may be initiated at the EGF-R. With respect to these earlier results and our data presented here, we rather suggest that 1-containing integrins may cooperate in this setting with EGF-R in asbestos-induced signalling. This suggestion is supported by the well-known fact that integrins and growth factor receptors like EGF-R interact and share some downstream signal transduction pathways including the MAPKs (Schwartz and Baron, 1999) . However, in this setting the nature of interaction between fibres and the 1-containing integrins remains to be established. Asbestos exposure induces changes in the ECM (Kuwahara et al., 1994 ) that could be recognized by integrins, but a direct fibre-integrin interaction involving physical or chemical stimuli resulting from fibre shape and surface properties may also be considered. Likewise, phagocytosis of asbestos may be engaged in the integrin-mediated induction of signalling cascades, involving ERK1/2 and AKT. In rabbit mesothelial cells it has been demonstrated that phagocytosis of proteincoated asbestos is mediated by integrins (Boylan et al., 1995) . More recently, Liu et al. (2000) demonstrated a crucial role for phagocytosis of crocidolite by mesothelial cells for apoptosis and intracellular oxidation. Hence, reactive oxygen species generated by ingested fibres might induce kinase phosphorylation. The integrin-mediated involvement of AKT which has not been shown before in fibre-treated mesothelial cells, in concert with ERK activation, may represent a way for the cell to escape from apoptosis and instead undergo proliferation, which may be an aspect of tumour promotion.
